Guanosine rich DNA sequences have the potential to adopt four stranded conformations termed quadru plexes. The chromosomes of higher organisms are capped by so called telomeres that are composed of repeats of the sequence TTAGGG. Up to 200 nucleotides of the G rich strand form an overhang that is suspected to fold into intramolecular G quadruplexes. Since induction of quadruplexes at the telomeres results in anti proliferative effects, the intracellular structure of G quadruplexes is of high interest as an anti cancer drug target. Here we give a perspective on the elucidation of DNA sequence folds by electron paramagnetic resonance (EPR) distance measurements. The technique complements X ray crystallography and NMR spectroscopy, as it can be applied in noncrystalline states, is not intrinsically limited by the size of the bio macromolecular complex, and is able to analyze flexible structures or coex isting DNA conformation.
Introduction
Nucleic acids are utilized for information storage by every living organism. Inside the nucleus, DNA usually occurs as a double stranded, right handed helix. 1 Apart from this well known struc ture, DNA can adopt several noncanonical conformations. 2 For example branched DNA molecules appear during DNA metabolism processes such as replication, repair or recombination. [3] [4] [5] [6] Holliday junctions 7 are well described cruciforms, containing four double helical arms that branch from a central junction. More complex DNA structures occur when more than two DNA strands interact with each other. In triple stranded DNA, one strand binds via Hoo gsteen or reverse Hoogsteen hydrogen bonds to the major groove of a B form double helix. Such structures can either be formed in ter or intra molecularly in pyrimidine or purine rich regions. [8] [9] [10] DNA quartet structures, more often called G quadruplexes, are made up of Hoogsteen hydrogen bonded G tetrads that can stack on one another. Interestingly, most of these structures appear in particular se quence patterns, such as guanosine rich regions. Computational studies showed that G quadruplex motifs are widely distributed in human and bacterial genomes.
11-13 Whether they form alterna tive DNA structures in vivo is unclear, although their potential to do so was described in vitro by a variety of methods. Quadruplexes often show structural polymorphism characterized by many possi ble conformations, see Section 2 for details. A common approach used to characterize G quadruplexes in vitro is circular dichroism (CD) spectroscopy. It is used to distinguish between parallel and anti parallel conformations. 14 The interpretation of CD spectra is an empirical approach and multiple species and hybrid structures are difficult to distinguish. For this reason, although a powerful technique, CD spectroscopy data tend to be over interpreted and sometimes have produced controversial results. 15 X ray crystallog raphy 16 and NMR 17 methodology have been used frequently in or der to obtain full high resolution structures of G quadruplexes. However, the biological relevance of G quadruplex conformations obtained in crystalline states needs to be considered carefully. Growing conditions for crystals may lead to conformational con versions or select nondominant species, especially since alternate quadruplex conformations often possess very similar stabilities. Even NMR spectroscopy has its limitations. Structure determina tion by NMR requires the formation of a kinetically stable species in solution; co existence of multiple species complicates the access of structural information. However, many G quadruplex structures have been characterized by NMR in vitro. 17 Most of them are thought to form under physiological conditions and to have certain in vivo functions.
To prove their in vivo existence, methods that elucidate DNA structures in cells are necessary. Site directed spin labeling in combination with electron paramagnetic resonance (EPR) is one promising method for probing noncanonical DNA structures. Novel in cell EPR allows for studying DNA topologies in cellulo. In this perspective we focus on EPR measurements of G quadruplex DNA. We first give an overview of quadruplex DNA structures, describing their biochemical characteristics and their potential roles in vivo. We depict EPR measurements in combination with site directed spin labeling of DNA and conclude by discussing lim itations and future developments of in cell EPR.
G-quadruplex structures
G quadruplexes are helical nucleic acid structures that can form within certain guanosine rich sequences. A G quadruplex com prises at least two tetrad layers, each composed of 4 guanines sta bilized by noncanonical Hoogsteen basepairs in a coplanar arrangement (Fig. 1A) . 18 Through p p interactions, at least two of these tetrads stack upon each other and form a G quartet. The guanosines can be located on one strand, interrupted by loops of different length, but appear on different DNA strands where the Hoogsteen bonds occur intermolecularly. Quadruplexes can adopt a variety of topologies which depend on the orientation of the DNA strands: parallel, antiparallel or hybrid structures are known (Fig. 1C E) . The conformation of the glycosidic bond differs depending on topology: it can adopt syn or anti conformation (Fig. 2B ). The adopted quadruplex structure and stability are fur ther influenced by the loop length and the sequence composition of the total quadruplex motif. 19, 20 Quadruplexes are stabilized by monovalent cations or small molecule compounds interacting with the G tetrads and thereby neutralizing the electrostatic repulsion of guanine oxygen that point inwards.
21-24
Several computational studies screened genomic sequences for quadruplex motifs that have four runs of guanines, in which each G tract is composed of at least 3 guanines.
11-13 For the human gen ome more than 375,000 motifs have been found. 25, 26 Those studies showed that quadruplex motifs are not randomly distributed in human, yeast and bacterial genomes. They rather appear within certain genomic regions: up and down stream of transcription start sites, near transcription factor binding sites, within the ribo somal DNA, near promoters, in telomeres or within micro and minisatellites. 11,12,25-28 It also seems that essential guanosines in the quadruplex motifs are more conserved than nucleotides that do not disrupt quadruplex formation of the motif. 29 [36] [37] [38] Recently Balasubramanian and co workers described a structure specific antibody binding to DNA quadruplexes. 39 They were able to visualize G quadruplexes in the genomic DNA of hu man cells and demonstrated coherence between the cell cycle and quadruplex formation. The visualization of G quadruplexes via fluorescent compounds in cells supports the assumption that those structures actually form in vivo. Nevertheless, although said com pounds show G quadruplex specificity in vitro, the in vivo struc ture of a G quadruplex in genomic DNA remains to be clarified.
The human telomeric quadruplex
Telomere sequences are located at the ends of chromosomes. They comprise a double stranded region with a single stranded 3 0 overhang. The whole human telomeric DNA region consists of 5 0 d(TTAGGG) 3 0 repeats ( Fig. 2E ) and is typically 5 8 kb long with a 3 0 end overhang of the G rich strand of up to 200 nucleotides in length. 40, 41 After each somatic cell division the single stranded overhang progressively decreases in length, until the cell under goes apoptosis. 42, 43 The enzyme telomerase, a reverse transcrip tase, can elongate the telomeric ends after cell division. It is usually inactivated in most somatic cells, but highly activated in 80 90% of cancer cells. 44 Intramolecular and antiparallel quadru plex structures have been shown to block telomerase activity, whereas intermolecular and parallel structures did not. [45] [46] [47] There fore targeting the human telomeric quadruplex (HTQ) is of great research interest for cancer therapeutics. [48] [49] [50] An understanding of the folding of human telomeric G quadruplexes in vivo and their formed structures under physiological conditions will be very ben eficial for a rational based drug design. In addition, the formation of telomeric quadruplexes has been implicated in processes related to aging 51, 52 and genetic stability. 53 The structural characterization of this sequence is important in order to gain new insights into possible mechanisms. 
Structure determination of DNA with EPR spectroscopy
Structure elucidation of DNA sequences by electron paramag netic resonance (EPR) complements X ray crystallography and NMR spectroscopy, as it can be applied in noncrystalline states, is not intrinsically limited by the size of the bio macromolecular complex, and is able to analyze flexible structures or co existing DNA conformation. 54 Since EPR can only be applied to species that contain unpaired electrons, the common approach exploits site directed spin labeling (SDLS) of DNA, usually with nitroxides as spin labels (see Section 3.2). 55, 56 Of particular interest are EPR tech niques giving access to long range distance constraints and distance distributions. Those distance measurements rely on the dipole dipole coupling between spin labels which is inversely pro portional to the cube of the distance. Pulsed EPR methods increase the range of distance sensitivity, double electron electron reso nance [DEER, an acronym which is synonymously used with PEL DOR (Pulsed Electron Double Resonance)] can access distances of up to 10 nm or more. 57, 58 For studying conformations of DNA oligonucleotides via EPR distance measurements usually two spin labels have to be introduced to determine their dipole dipole interaction via DEER measurements and to extract long range distance constraints. In contrast to Förster resonance energy transfer (FRET), which is widely used for studying distances in DNA, DEER does not require the use of two mutually distinct, relatively bulky chromophores, which have to be chosen depending on the expected distance. DEER distance measurements can be performed using two much smaller, identical spin labels, which are precise over a wide range of distances. The pulse sequence of the most widely used four pulse DEER experiment is shown in Figure 2A . 57 We consider DNA molecules labeled with two chemically identical spin labels which feature different resonance frequencies m 1 and m 2 , respec tively. Therefore, it is possible to apply pulses at two different fre quencies, the pulse sequence at m 1 addresses the so called A spins only, while the pulse at m 2 flips the B spins. At frequency m 1 a pulse sequence leading to a refocused echo of the spins A. Applying the pump pulse at the second frequency m 2 at variable time T results in a modulation of the refocused echo intensity V with the fre quency of the dipolar coupling between A and B spins. Plotting V versus T yields the typical DEER curve (Fig. 2B ) which is used to ex tract the distance distribution between the spin labels (Fig. 2C ).
For proof of concept experiments DNA based nanometer distance rulers were developed. [60] [61] [62] Those are series of comple mentary oligonucleotides of which each bears one nitroxide spin label. Hybridization results in a double spin labeled DNA duplex. For different interspin distances molecular dynamics sim ulations showed very good correlation with DEER results. DNA dynamic measurements with DEER verified conformational flexi bility models. Series of double spin labeled DNA double helices were created (the separation between the two nitroxide spin labels was increased in 1 nt steps). The results supported a model for DNA stretching with a constant pitch. 63 Recently, in cell DEER studies of DNA were developed. Com pared to in cell NMR spectroscopy, 64 the novel approach of in cell electron paramagnetic resonance spectroscopy 65 has two main advantages. Low concentrations can be used because EPR is much more sensitive per spin than NMR spectroscopy, and no back ground from diamagnetic molecules is observed. By now all in cell SDSL EPR studies on DNA have used oocytes from the African frog Xenopus laevis (X. laevis) which are widely used model systems in cellular and developmental biology. [66] [67] [68] Spin labeled nucleic acids can be delivered into these cells via microinjection. A double spin labeled 7 bp long DNA ruler was delivered into X. laevis oocytes. In cellulo the distance measured between the labeled terminal thymi dines (3.2 nm) correlated to the theoretically calculated ones and was in accordance with those measured for the same double helix in vitro. Broadening of the in cell distance distribution indicated partial DNA melting. 69 A 12 bp DNA double strand with higher relative content of G C pairs, and thus higher stability than the 7 bp duplex displayed in cellulo the same conformation as it did in vitro. Furthermore, a second broader component of the distance distribution was assigned to intermolecular distances and inter preted as evidence of end to end stacking of the DNA duplexes and of duplex ordering into semi rigid rod like structures. 
Structural elucidation of HTQ via DEER spectroscopy
We have introduced EPR distance measurements for the inves tigation of highly polymorphic DNA quadruplex structures. 67 While NMR spectroscopic and crystallographic studies have deliv ered impressive high resolution structures of human telomeric quadruplexes, biophysical studies indicate similar stabilities of these structures and provide increasing evidence of the co exis tence of some of these folds under physiological conditions. The high resolution methods were not able to decipher the exact nature of these structures under near physiological conditions since these techniques require the presence of single species. Due to the polymorphic nature of this DNA sequence, conducting DEER experiments on the human telomeric quadruplex is of particular interest. Studies of the HTQ formed by the sequence ((GGGTTA) 3 GGG) suggested the coexistence of different conforma tions: (1) NMR data showed an anti parallel basket quadruplex topology in Na + containing solution; 70 (2) crystals grown in the presence of K + depicted a parallel propeller form; 71 (3) studies in K + containing solutions displayed controversial topologies. [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] DEER spectroscopy allowed us to assign that the studied HTQ sequence adopts a 1:1 mixture of the parallel propeller and the anti parallel basket structure in K + solution (Fig. 3A D) . 67 Even in cellulo the conformation of the HTQ was determined by DEER spectroscopy. For a usual measurement we inject 50 nL of a 4 mM DNA solution into X. laevis oocytes (for a detailed protocol see Ref. 65 ), resulting in a final intracellular concentration of 200 lM assuming even distribution within the oocyte. Upon microinjection of the unfolded sequence into X. laevis oocytes the maxima of the distance distribution were assigned to the parallel propeller and the anti parallel basket conformations the same mixture as obtained in vitro. The existence of intermolecular quad ruplexes could be excluded. 68 However, since the exact topology of the human telomeric sequence is also very much dependent on flanking nucleotides, it is important to study quadruplex confor mation of extended sequences as they better mimic the 3 0 single stranded overhang of human telomeric DNA. EPR spectroscopy is very suited as technique for studying individual or local structures in larger contexts or complex media since only the spin labeled part is observed without the extended sequence contributing to background signals. Hence we studied the G quadruplex confor mations within a sequence of three quadruplexes of human telo meric DNA by EPR spectroscopy. Here the formation of a (3+1) hybrid topology was observed, contrary to the observation of the short, single HTQ quadruplexes described above (Fig. 3E G) . 87 Taken together, these studies confirmed that the human telomeric repeat can adopt different structures that are influenced by the cat ion present, the flanking nucleotides and the nucleic acid concen tration. 88 Future experiments in cells should focus on the in vivo structure of extended human telomeric repeats. In addition possi ble interactions with biological factors present in cells should be investigated. With respect to the latter perspective, a potential lim itation needs to be considered: The amount of labeled DNA intro duced into the cells (resulting in approximately 200 lM intracellular concentration) might be too high in order to observe interactions with factors present inside the cell at lower concentra tions. Hence, the development of even more sensitive labels 
